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Abstract 
Solar energy is abundant and capable of providing much of our energy needs. It has several uses: 
photovoltaic, biomass (wood energy, biogas, biofuel), daylighting... For each use, its potential depends on 
the match between the spectral response of the collector (silicon, retina photoreceptors...) and the local 
solar spectrum. Increasing the performance of solar technologies by making the most of its spectrum (sun 
plus sky), requires a better understanding of its long term variations. 
 
Radiative Transfer Models (RTMs) could be used to produce routinely the spectral irradiance received in 
the plane of a solar collector and build this climatology, anywhere on earth. The accuracy of RTMs 
depends on how well daily atmospheric constituents are known at the site. This information is becoming 
available from satellite data. Spectral measurements are needed to validate the use of RTMs with satellite 
derived atmospheric information. 
 
Since 1992, ENTPE has been maintaining in Lyon, France, a measuring station specialized in daylight 
(http://idmp.entpe.fr/vaulx/mesfr.htm). This station is part of the IDMP network of the CIE (International 
Commission of Illumination). In 2012, we have decided to add continuous spectral measurements to our 
station. We chose to measure the spectral irradiance in 5 planes useful for daylight and photovoltaic 
applications: 1 direct (perpendicular to the sun), 4 global (horizontal, vertical north, vertical east, south 
inclined at 45°). We decided to use 5 spectrometers (Ocean Optics USB 650/4000) coupled to optical 
fibers fitted with diffusers. 
 
This paper describes the measurement system, the calibration of its components, the error characterization 
related to the sun tracker, the optical fibers and the spectrometers. It also provides an outline of the 
automatic quality control which takes full benefit of the other measurements of the station (global 
illuminance on horizontal and vertical planes, direct normal irradiance). These measurements will be used 
(1) to validate atmospheric information from satellites as well as RTMs, (2) to produce long term 
variations of the solar spectrum in Lyon, France. 
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1. Background information 
1.1. Solar spectrum variations and different sensor responses 
Solar energy is abundant and capable of ensuring a significant part of our energy needs. It does so by 
contributing to biomass development (wood energy, biofuels, biogas), by illuminating us (natural light), 
by producing hot water (thermal solar energy) as well as electricity (photovoltaic solar energy)… For each 
use, its potential depends on the adequacy between the solar spectrum and the spectral response of the 
sensor (chlorophyll, retina, black absorber of thermal system, photovoltaic system). Currently, numerous 
researches are led to find new photovoltaic technologies cheaper and exploiting at best the sun radiation 
spectrum: thin-film solar cells [1], hybrid solar cells [6], dye sensitized solar cells [22]… The following 
figure (Fig. 1) illustrates the differences between the spectral responses of some sensors, in particular 
those used for the photovoltaic solar energy. 
 
 
Fig. 1. An example of solar spectrum & sensor spectral responses 
The performance of solar technologies is often estimated using one or more reference sun spectrums 
developed by the Commission Internationale de l’Eclairage (CIE - www.cie.co.at) [8] or by the American 
Society for Testing and Materials [2]. These references correspond to particular situations: no cloud, 
specific atmospheric conditions, specific sun altitudes, specific sensor’s orientations (in front of sun and 
37 ° for the standard ASTM G173)… 
Yet, the spectral irradiance received by a collector varies according to its orientation and to its slope, to 
the geographical situation, to the date and hour, to the type of clouds and the number of cloud layers, to 
the composition of the atmosphere at this moment and at this location (ozone, sprays, water vapor)… 
© 2014 Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND license 
(http://creativecommons.org/licenses/by-nc-nd/3.0/).
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To estimate the potential brought by solar technologies, professionals cannot just use reference 
atmospheric conditions. They must be able to model their future behavior, on the long term (at least 5 to 
10 years) under atmospheric conditions close to reality, describing properly the variations of the sun and 
the sky spectral irradiances. To do this, they need to have access to climatology of solar radiation 
spectrums at any location on earth; currently, this information is far from being available. 
1.2. Very few ground measurements of the sun spectrum 
Historically, meteorological stations of various national networks (Météo-France, Deutscher 
Wetterdienst…) qualified the sun radiations only from the sunshine duration; characterizing the sum of 
the periods during which the sun supplies enough energy to burn a paper sheet. About twenty years ago, 
because of the development of the solar technologies, national networks decided to add the measurement 
of the total energy brought by the sun and the sky to some of their stations. In France, Météo-France 
added a pyranometer measuring the global horizontal irradiance to one hundred stations. At the same 
time, research laboratories gather themselves to develop international networks of stations specialized in 
the sun radiation. 
In 1991, the CIE set up the network of IDMP stations (International Daylight Measurement Program - 
http://idmp.entpe.fr). This network is specialized in the measurements of visible sun radiation (from 400 
to 800 nm). Its objective is to understand and to model the variations of daylight. IDMP stations measure 
every minute, horizontal and vertical illuminances. They apply to their data a quality control procedure 
defined by the CIE [7]. In 1992, the World Climate Research Program (WCRP - www.wcrp-climate.org) 
created the BSRN network (Baseline Surface Radiation Network - www.bsrn.awi.de). Stations from this 
network measure radiation both on short wavelengths (from 250 nm to 2500 nm) and long wavelengths 
(from 4500 to 42000 nm), which allows studying the global warming. None of these networks intended to 
measure the sun radiation spectrums. 20 years ago, the high price of the equipment, the complexity of its 
maintenance as well as the quantity of data to be stored, constituted severe obstacles. 
Between 1986 and 1988, approximately 1300 spectra were measured by the Solar Energy Research 
Institute (SERI) [26]. Since January, 2001, in Golden - Colorado, the Solar Radiation Research 
Laboratory (SRRL) of the National Research Energy Laboratory (NREL) has a very complete measuring 
platform. It includes several spectroradiometers measuring every 5 minutes, the direct normal spectral 
irradiance and two global spectral irradiances, one on an horizontal surface, the other on a south facing 
surface tilted by 40° (characteristic orientation and slope of photovoltaic panels in Golden, Colorado). 
Since 2003, the Solar Radiation Group of The University of Valencia - Spain, measures the spectral 
irradiance on a horizontal plane and on a plane perpendicular to the sun [4]. Finally, since 2006, the 
measuring platform "Southern Great Plains" of the American ARM program (Atmospheric Radiation 
Measurement) also includes spectral measurements. These recent additions show the progress made 
during the last 20 years in the fields of optoelectronics and computing. Continuous spectral 
irradiances measurements are becoming simpler and cheaper to setup. 
1.3. Satellite data about atmosphere and clouds 
As networks of ground measurement stations were being created; techniques for estimating solar 
energy from geostationary satellites (METEOSAT for Europe or GOES for the United States) were being 
developed. Geostationary satellites provide, at regular time interval (30 minutes or less), a complete image 
of the earth disk. Equipped with radiometers, they measure on various spectral channels (covering the 
visible and the infrared) the sun radiation reflected by the earth. The quantity of energy available on the 
surface of the earth is inversely proportional to the reflected quantity measured by the satellite. Several 
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European projects [28, 30, 12], [17] and international collaborations [13] allowed to develop and to 
validate these techniques. Now, it’s possible to produce routinely from METEOSAT images, the 
irradiance over Europe and Africa. 
Research laboratories and companies have created databases and web services which allow 
professionals to access solar radiation information derived from satellite images: www.satel-light.com 
(ENTPE, France), www.soda-is.com (Mines ParisTech, France), www.solemi.com (DLR, Germany), 
http://re.jrc.ec.europa.eu/pvgis (Joint Research Center, Italy), http://solargis.info (GeoModel Solar, 
Slovakia), www.focussolar.de (Focus Solar GmbH, Germany). 
Compared with ground measurements, hourly global horizontal irradiances computed from satellite 
estimates present a bias inferior to 5% and a root mean square difference close to 20%. Less accurate than 
measurements on the ground, the satellite estimates offer however the advantage of a continuous 
geographic coverage with a spatial resolution of a few km, a spatial resolution unthinkable for a network 
of ground measurement station. The first generation of satellites METEOSAT (before 2002) measured the 
full earth disk in about 30 min, this time interval didn’t allow to characterize correctly the dynamics of the 
sun radiations : ground stations measure solar radiation every minute. However, the satellite measurement 
time decreases with every new generation: less than 15 min for the current generation of METEOSAT, 
less than 5 min for the next generation planned for 2020. It is undeniable that geostationary 
meteorological satellites are becoming the major source of information on solar radiation over the planet. 
Ground stations will still be very important; they will continue to play a major role in the development 
and the validation of satellite techniques. 
Thanks to satellite data, it is now possible to obtain for any day, in any place of the earth, 
information characterizing the atmosphere and the cloud layers within a zone of about 30 km by 30 
km (0.25 degrees of latitude by 0.25 degrees of longitude). 
1.4. Radiative Transfer Model in the atmosphere 
For more than twenty years, various research laboratories have been developing Radiative Transfer 
Models (RTM) allowing the simulation of the sun radiation propagation through the atmosphere and 
through cloud layers. They can be used to generate the spectral irradiance on the surface of the 
earth, for any weather condition. They require as inputs a complete and expert description of the 
atmospheric characteristics; characteristics which are now easier to obtain thanks to earth observation 
satellites. The major RTMs are listed below in alphabetical order: 
 
x LIBRADTRAN [15] developed at the beginning of 1990s, at the Meteorological Institute of Munich. 
x LLBLRTM and RRTM [29] is developed and given by the American company Atmospheric and 
Environmental Research, to Lexington, Massachusetts, USA. 
x MODTRAN [3] created in the end of 1980s, by Spectral Sciences Inc. (SSI), with the help of the US 
Air Force research laboratory (AFRL). 
x SBDART [25] developed in the end of the 1990s, by the group of research on the earth seen from the 
space (ESRG), at the University of Santa-Barbara. 
x SCIATRAN [27] developed since the end of the 1990s, by the Institute of Environmental Physics, at 
the University of Bremen, in Germany. 
x SHDOM [11] developed within the Department of the Atmospheric and Oceanic Sciences, at the 
University of Boulder in Colorado, USA. 
x XRTM [16] developed since 2007, by Greg McGarragh, within the Department of Sciences of the 
Atmosphere, at the State University of the Colorado with Strong Collins. 
1114   G. Tourasse and D. Dumortier /  Energy Procedia  57 ( 2014 )  1110 – 1119 
The calculation time of the above mentioned models can be consequent, especially if we wish to use 
them to produce the climatology of the solar spectrum in a given place (statistics over several years with a 
time interval inferior to the hour). For this purpose, there are faster and simplified models, often based on 
the more sophisticated models; most do not simulate the influence of cloud layers and thus are restricted 
to sunny situations. The major ones are listed below by alphabetical order: 
 
x McClear [14] developed recently by the “Centre Energétique et Procédés” of Mines ParisTech within 
the framework of the project MACC-II. It is based on interpolations of results computed from the 
RTM code LIBRADTRAN. 
x SMARTS [10], the most used, developed since about twenty years by C. Gueymard, at present 
president of Solar Consulting Services. It is based on the RTM code MODTRAN. The ASTM has 
selected this program to define its reference spectra. 
x SOLIS [20] developed by R.W. Mueller at the University of Oldenburg, within the framework of the 
European project HELIOSAT-3 [12]. It is also based on interpolations of results computed from the 
RTM code LIBRADTRAN. He produces solar irradiance values over 27 spectral ranges. 
2. Objective and approach 
We saw in the elements of context that solar receivers have different spectral responses; therefore, the 
evaluation of their performances on the long term (several years) has to take into account the variations of 
the spectral composition of the sun radiation. We saw that this spectral composition had been the object of 
very few continuous measurements, but that thanks to recent technological developments in 
optoelectronics and computing, these measurements were now easier and cheaper to setup. We saw finally 
that meteorological satellites were now capable to provide at each point of the earth, information on the 
cloud layer (every 15 min) and on the atmosphere (every day), and that these data could be used as input 
to RTM codes. With this input, RTMs can produce the spectral irradiance received by a solar collector, at 
any location, at any time, with any orientation and any slope. 
Our ultimate objective is to recommend a computation scheme allowing to produce spectral 
irradiances based on a RTM code fueled with atmospheric and cloud information derived from 
satellite images. The components of this scheme will be selected based on their performance. 
Accuracy will be of course part of the evaluation and will require ground measurements. As a start, 
we need to set up a spectral irradiance measurement system. 
3. Constitution of a database of ground measurements 
Since 1991, our laboratory is equipped with a measuring station specialized in daylight and solar radiation 
(http://idmp.entpe.fr/vaulx/mesfr.htm) [9]. This station is part of the CIE-IDMP network; we apply the 
quality control defined in CIE guidelines [7]. Figure 2 summarizes the various instruments on the station, 
their location and their field of view. We measure every minute, the global and diffuse horizontal 
irradiances (Kipp&Zonen CM21 and CM6 respectively), the direct normal irradiance (Kipp&Zonen CH-
1), the global and diffuse horizontal illuminances (LMT BAP 30 FCT), and the global vertical 
illuminances in four planes: North, East, South and West (LMT BAP 30 FCT). We also measure the 
global horizontal irradiance over the UVA and over the UVB (Kipp&Zonen UV-S-AB-T), as well as 
classic parameters such as the dry bulb temperature, the relative humidity and wind speed and direction. 
The diffuse horizontal irradiance and illuminance use “classic” shadow rings. The direct normal 
irradiance relies on a sun-tracker STR-22 from EKO Instruments. 
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Fig. 2. IDMP station, instruments description and field of view. 
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Since 2009, we are working on the addition of a spectral measurement system on our CIE-IDMP 
station. The system will allow us to measure spectral irradiances at least every 5 minutes, not just on the 
horizontal plane but also in vertical planes (useful for daylighting applications) and in a south oriented 
inclined plan (useful for photovoltaic applications). It uses 5 spectrometers (Ocean Optics) coupled with 
optical fibers fitted with diffusers and protected by glass domes (Kipp&Zonen). Figure 3 presents the 
elements of the system as well as the structures created to house them. 
 
 
Fig. 3. Elements of the spectral measurement system. 
We characterized in our laboratory, the spectral response of the various elements [23]. Then, we built 
and installed on the station, the housing receiving four optical fibers and glass domes. This part of the 
system allows measuring global spectral irradiances in 4 planes: horizontal, vertical north, vertical east, 
and 40° tilted south. The last optical fiber was placed on the sun-tracker in a special enclosure to measure 
the direct normal spectral irradiance. Once everything was setup, we performed a calibration of the direct 
normal and the global horizontal spectral irradiance under real sky conditions [24]. This calibration was 
done relatively to a reference spectrometer: the SPECBOS 1211 UV (http://www.jeti.com). 
Later this year, we will add a digital camera fitted with a fish-eye lens. The camera is calibrated in 
luminance. Images with different exposures are taken to create an HDR image of the sky vault and 
produce a complete map of sky and sun luminance. Luminance maps will be used to check the coherence 
of the various measurements (cf. 3.3. Coherence of the measurements). 
Our work now consists in finishing setting up our spectral measurement system and in making it 
operational and reliable. We will calibrate the two verticals as well as the south inclined spectral 
irradiances. We will characterize the aiming accuracy of the sun tracker. We will check the coherence of 
the spectral irradiances with all the other measurements of the station: in particular, the global horizontal 
and the global north and east vertical illuminances. We describe below these steps into more details. 
3.1. Calibration of the spectral measurements 
As mentioned above, this calibration is made with a reference spectrometer, the SPECBOS 1211 UV 
from the JETI company (http: // www.jeti.com/). This spectrometer was characterized in our laboratory to 
make sure of its reliability. The calibration protocol consists in comparing the measurements of the 
studied instrument to the reference one during the complete course of the sun under sunny conditions. The 
direct normal spectral irradiance is measured with an optical fiber placed on the sun tracker. The sun-
tracker moves, this induces various curvature configurations of the optical fiber transmitting the radiation 
to the spectrometer. This could potentially create variations of the spectral transfer function according to 
the time of day and the season. We have to check whether this has any significant impact. We will use 
LEDs as light input to the direct normal spectral irradiance to check the variations of the measured 
spectrum according to the extreme positions taken by the tracked at summer solstice. 
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3.2. Sun tracker aiming accuracy 
The instrument field of view is a characteristic depending on the physical architecture of the system. In 
the case of the instruments located on the tracker, this is a fixed parameter. The aiming accuracy of the 
sun-tracker has a direct impact on the minimal angle of view required for the instrument. This minimal 
angle is equal to the angular size of the observed object (in our case the sun) plus the maximal uncertainty 
induced by the aiming device. In the case of sun observation, the wider the field of view, the larger the 
circumsolar zone viewed, and the larger the amount of direct irradiance measured by the system. 
Our old version of the EKO sun-tracker STR-22 has two sun tracking modes. The first mode consists 
in using a sensor with a 15° field of view to observe the sun and point with a precision about 0.1°. Under 
cloudy situations, when the sun is not visible enough, it toggles to the second mode where the sun 
position is computed. In this case, the aiming accuracy depends on the precision of the algorithm as well 
as on the quality of the tracker installation (orientation and horizontality). To correct the systematic error 
due to the installation and to quantify the error due to the sun position algorithm, we will measure and 
compare tracker positions under identical sunpaths using the two tracking modes. 
3.3. Coherence between spectral irradiance, luminance maps and other measurements 
We will make sure that our spectral irradiances will be coherent with the other measurements of the 
station. To compare measurements from instruments having different fields of vision, different 
orientations and different spectral responses, it is necessary to respect three conditions: 
 
x Measurements must be reduced to comparable values. We will convert spectral irradiances to 
illuminances by integrating them over the visible range of solar radiation after weighting by the V(λ) 
function (the spectral response of the eye standardized by the CIE). The illuminances derived from 
spectral irradiances will be compared to the illuminances measured in the same plane by LMT 
sensors. In the case of the HDR fisheye camera used to produce luminance maps of the sun 
circumsolar and the sky vault, a physical modification (optical filter addition) and/or a software 
correction (weighting of RGB channels) will be used to be as close as possible to the V(λ) response. 
 
x The field of view and the angular response of the instruments must be characterized. To be 
complete, this characterization must take into account: 
(1) The field of view of the sensor and its angular response. Diffusers used in most sensors have an 
angular response function approaching the cosine function. The characteristics of the LMT sensors 
and those of the diffusers fitting the optical fibers will be measured in our laboratory. 
(2) The devices which are part of the instruments. The diffuse horizontal irradiance and illuminance 
are measured using a shadow band which masks more than the sun. The position of the band is 
adjusted at least once a week. The mask created by the shadow band on the sensor changes at that 
time. It has to be monitored and quantified. 
(3) The presence of nearby objects (other instruments, lightning rod, etc…). These objects mask 
some of the solar radiation while reflecting some of it, this influences measurement values. We will 
characterize the geometry of these masks and reduce the solar radiation they reflect by using matt 
black paint. 
 
The fields of view and the angular response of each sensor will be characterized by a 360° map 
showing the relative influence of each point seen by the sensor. This map will be used as input to the 
luminance maps produced by the digital camera to compute the corresponding illuminance. 
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Based on this characterization, we will be able to check the quality of the spectral irradiance 
measurements by comparing the resulting illuminances to those provided by the LMT sensors measuring 
the global illuminances on the horizontal plane and on the vertical north and east planes. 
4. Conclusion 
We saw the importance of the use of solar radiation ground measurements for validating satellite 
estimates as well as Radiative Transfer Models. Our CIE-IDMP station measuring every minute, 
illuminances and irradiances, since 1991, is being enriched with a system measuring spectral irradiances 
in 5 planes. Once properly characterized, calibrated and coherent with the other sensors, it will provide 
continuous 5mn measurements of spectral irradiances in 5 planes. These data will be used for the 
characterization of the sky and sun spectrum as well as the validation of satellite techniques over the Lyon 
region. 
We saw in the elements of context (section 1.2) that some other research teams are also measuring 
solar radiation spectrums. We will gather measurements from these other stations. They will cover 
meteorological conditions different from the ones in Lyon. The contacts established with the other teams 
will allow us to exchange on quality control procedures. These exchanges could even result in an 
international collaboration related to the measurement of spectral irradiances. 
An interesting perspective would be, by using methods of inversion of the direct normal spectral 
irradiance, to determine the atmospheric constituents (interacting in this spectral domain). A comparison 
with the data of the local bodies measuring air quality could constitute a second level of quality control for 
our measurements. Furthermore, these atmospheric data would serve as inputs for the RTMs studied that 
will enable a closed loop comparison with measured spectra and simulated ones. 
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